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THE MECHANICAL THRESHOLD OF DYNAMICALLY DEFORMED COPPER AND NITRONIC 40

P. S. Follansbee, U. F. Kocks, and G. Regazroni

Los Alamos National La. ratory, Los Alamos, NM, USA

Résumk - On rapporte des zesures dv seuil wmécanique, ou contrainta seuil,
effectutes sur dos @prouvettes de cuivre et de Nitronic &0 déformbes de
maniéres quasi-statique et dynanique. Les résultats concernant la cuivre
montrent que l'accroissement dc¢ la contrainte seuil avac la vitesse de
deformation est semblable & celui de la contrainte d'ecoulement. Dans le
case due Nitronic 40, les résultats donnent un rapport de la contrainte
d"6coulement a la contrainte seuil de l°ordre de 0.6. Les deux résultats
indiquent que la seensibilité croissante d la vitesse que 1'on observs aux
grandes vitesses de déformation pour ces matériaux n‘est pas due & 1la
prédominance d’un mécanisme de déformatinn de type frottemont visqueux comme
11 a &té parfols suggéré.

Abstract - Measurements of the mechanical threshold, or thrashold stress, are
reported on quari-statically and dynamically deformed copper and Nitronic 40.
The results for copper shov that the increase of the threshold stress with
strain rate 1is eimilar to that of the flow stress. In Nitronic 40 the
results show that the ratio of the flow s.ress to the threshold etress f{s
~0.6. Both resulte indicate that tae increased rate sensitivity found in
these materials at high strain rates is not due to the predominance of a
viscous drag deformution mechanism, as has been previcusly suggested.

1 - 1NTRODUCTION

It has long been known experimentally that a variety of metals show an increase in
rate sensitivity when the imposed strain rate is raised above ~ 103 e~!, Such an
increase, for example, has been reported in annealed high purity iron by Davidson,
Lindhols and Yeakley /1/, in aluminum by Hauser et al. /2/ and in copper by Kumar
and Xumble /3/. There has been much discussion concerning the validity of these
high strain rate experimental results (see, for example, Lindholm /4/). However,
vhen eplit Hopkinson pressure bar (SHPB) techniques are used for the dynamic
measurements, an extensive, numerical analysis of the SHPB test of CLertholf and
Karnes /S5S/ has {indicated that, if certein criteria regarding specimen dimensicns,
lubrication, and loading rate area satisfied, the results are valid at strain rates
to roughly 10* 7! /6/. Although evidence at higher strain rates than :0* s~/ 1s
limited, messurem its oy Clifton, Gilat and Li on aluminum and copper /7/ and the
analysis by Wallace /8/ of measurements by Johnson and Barker on 6061-T6 aluminua
/9/ indicate highar flow stress levels in the shock regime than found at even those
strain rates possible with SHPB techniques. Based on these results, it is concluded
that the increased rate sensitivity in metals found under dynamic test conditions
represents a real material response.

In the majority of the cases where the rate sensitivity has been found to increase,
it has been suggested that the incressed rate sensitivity is due to & tranaition in
rate contrulling deformation wmechauism from thermal activation control of
dislocation wotion at lowv strain ratee to viscous drag control at high strain rates.
As  evidente for this transition, sowme investigators hava noted that the
exparimentally observad linear dependence of flow stress (at a uniform strain) on
strain rate at high strain rates is consistent with the dislocation drag msechaniss



/10/. Other investigators /11/ have emphasized that dislocation drag controlled
deformation would indeed lead to s linear dependence of flov stress on strain rate,
but the line would be required to pass through (or close to) the crigin rather than
through a large otress at zero stitin rate, as is found expericentally. It has been
suggestad /12/ that an incressing mobile dislocation denoity (with setress) could
provide the 1link becween the experimental observations and the predicted behavior
based on dislocation drag controlled deformattion.

Whether or not the high strain rate test results descrided ahove extrapolate to the
origin 1s one criteria that, if sstisfied, would support the proposed transition in
rate controlling deformation mechanism. Howsver, as iIndicated above, the
experimental results can be made to fit such a theory by imposing a minor and not
unrealistic condition regarding the wobile dislocation denaity. Another more
restrictive condition is that vhen dislocation drag effects dominate the deformation
kinematicu, the applied stress muvst be on the order of or greater than the strength
of the dominunt barrier that restricts deformstion at lower strain rates or higher
temperatures /13/. In Follansbee, Regazzoni aad Kocks /13/, the wmechanical
threshold (flow etress at O K), wvhich provides an 1indicatior of the barrier
strength, vas weasured on dynamically deforwed OFE copper. The mechanical threshold
was found to exceed the flow stress. A model of the deformation kincaaticse, which
included a stress dependent mobile dislocation density, was used to fit the
experimental results over a wide range of strain rates. The model assumed that the
seasured mechanical threshold varied with strain, but not with strain rate, 1i.e.,
ctrain was assumed to be a state parameter. There were several features of the
experimantal results which wers inconsistent with this assumption and which were
noted in /13/.

The purpose of this work is to show how the mechanical threshold varies with strain
ond strain rate over a wide range of conditions. These findings enable an
evaluation of the constant structure assusption made in /13/ (and by others) and to
a further evaluation of the dislocation drag deformation mechanism which s
postulated to explain the incressed rate sensit‘vity found at high strain rates.

In ecction 2, the experimental procedure for determining thc mechanical threshald s
reviewed. 1In particular, it is chown how the temperature dependence of the shear
sodulus must be included in the detz analysis procedure; this was neglected in /13/.
In section 3, the measured mechanical threshold values ar: reported for a wide range
of sirain rates and straine for OFE copper and for a wide range of strain rates, but
only « single strain, for Nitronic 40 stainless steel. The mechanical thresholi
values are then compared with the accompanying flow stress values. In section &,
the implications of the results concerning the rate controlling deformation
aschanism are discussed.

2 - MEACUREMENT OF THE MECHANICAL THRESHOLD

Copper was chosen for thin 1invastigation since it is a sinple, single phase FCC
matal wvith well docuwmented quasi-static deformation wmechanisms. Oxygen-frce
elecironic ‘OFE, copper (ASTM C10100) 1in the form of 0.95 cm diameter rods vere
procurred in the ss-wrought form. Compression specimens werc machined according to
the diwnsions described below. Folloving machining the specimens were annealed at
600 C for one hour in vacuum which yielded an approximately equiaxed structure with
an avarage grain diameter of ~40 um.

A less extensive net of measurements was performed with Nitronic 40, which is a
nanganese bearing auscenitic stainless steel often referred to as 21-6-9. 1t had
the followinrg composition: 20X (by weight) Cr; 6.6% Ni; 8.8Y Mn; 0.18X P; 0.18X 8;
0.01% C- ard 0.32% N. The Nitronic 40 was also studied in the annealed condition
wiih an avarage grain diaueter of ~40 um.

lhe procedure for wmessuring the mechanical threshold has beeun previously outlined
/13/. Multiple spe-‘mens (usually 8) are prestrained at room teaperature along the
strain rate and strain path of ifnterest and then unloaded. Thie prestrsinr producer
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a structure which 1w characteristic of the strain and strain rate path; we now want
to probe this setructure. To determine the flow stress at 0 K, the specimens are
relcsded at a conveniently low strain rate {(0.0014 8~!) and at temperatures of 76 K,
~180 K, and 295 K and the yield stress is recorded. For the coppar exreriments,
nominal true strain rates of 10~ s~!, 6 1072 g~!, 100 s~!, 102 &¢~1, 2x103 s~1. 5x103
8!, and 10" s”! and true strains of 0.05, 0.10, 0.15, 0.20 and 0.25 were chosen for
investigation; this yielded 35 separate strain and strain rete histories. Specimen
dimensions were chosen such that after the prescribed prestrain, the diameter and
length of each specimen equaled 0.508 cm. For the stainless steel experiments, only
the following two histories vare investigated: strain rates of 10”3 g~! and 6x103
s~! to a strain of 0.10.

Three msechanical test macnines were vutilized for these compression tests. For
experiments at etrain rates less than 107! g~!1 which includas all of the reloading
experiments, a standard screw-driven mechanical testing machine was used. Reload
experiments at rooam temperature, 76 K (with liquid nitrogen), and 180 K to 200 K
{with freezing methanol) were performed with & completely immersiole subpress.
Powdered boron nitride was choren as the Jubricant for these lov temperature
experiments, vhereas molybdenua disulfide was used for all roos temperature testing.
A servo~hydraulic testing wmachine was used for s:irain rates to 102 s~! and a SHPB
was used for testing at strain rates to 10° ¢~! /6/. To facilitate loading to a
constant etrain in the SHPB, a 0.508 ca deep b 0.64 cm diameter flat-bottosed hLole
was drilled into the end of *he 1.1 ca di.meter trannmitter bar.

An example of the prestrain and reloading stress strain curves for copper
prestrained at 35000 s~! to a nominal true etrain of 0.15 and reloaded at 3 struin
rate of 0.0014 s~! 1g shown in Fig. 1. Althrugh the specimens were stored in liquid
N, 1mmediately after the prestrain and until reloading, the relosd traces in Pig. 1|
lﬁou an indication of recovery in the immediate yield region. The actual detaile in
this region were far less reproducible than was the large strsin work hardening
behavior. Thus the flow stress upon reloadirg was determined by back extrapolating
the work hardening behavior to the elastic line, as is chown wi-h the dashed linee
in Fig. 1.

Anothar difficulty encountered in the SHPB experiments was that axial inertis led to
continued deformation after the spucimen/incident bar interface was unloaded {i.s.,
after the specimen Jength decressed below 0.598 cm) [-]. This extra deformation wgs

[T Thie problem was only significant in the copper experiments, which is consistant
with the fact that the velocity of the plastic unloading wave varies with stress
/14/, which in the stuinlegs steel was ~4 times that ir the copper.



nonuniform, being minimum at the specimen/incident bar interfece and maximum at the
specimen/transmitter bar interface, and became more severe as the strain rate
increased. Two problems were introduced by this nonuniform deformation. First of
all, the 2lightly bell-shaped samples would have complicated the interpretation f
the subsequent reloading step; this problem was circumvented by remachining each
specimen to & cylindrical geomerry (vhich added an additional ~ 30 minutes to the
time spent at rnom temperature;. The second problem was in relating the measured
sechanical threshold to a "strain". Since upor reloading, the yield stress would
represent the section of the specimen which had received the emallest post-uniform
deformatio~, the strain wsz computed at the smsllest diameter of the deformed
apecimen, vhich was general.y st or near the incident bar/specimen interface. For
the case shown 1in Fig. 1, the strain measured was 0.168 rather than the desired
0.15. The mechanical threshold at the strain of interest wass then estimated by
interpolating between actual measured strains.

2.1 EXTRAPOLATION TO0 O K. The results shown in Fig. 1 give the variation of the
flow otress vwith relcading tempersture ¢o a ninimum teuperature of 76 K. An
extrapolation 1s required to estimate the flow stress at 0 K. The manner in which
the flow stress varies <with temperature depends on the detsfils of the rate
controlling deformation mechanisa. In pure ctopper at low strain races, deforsation
is controlled by the interactiun of mobile dislocations wuith foreet dislocations
which is a thermally activated process. The relationahip between applied stiress,
straia rate, and temperature at constant structure is bzst descrioed by a law of the
form /15/

H . i—aG

€ = c, exp lﬁ_] . (1)
where the stress dependence enters through the activation free enthalpy AG when
vwritten as

aG = Fo[l - (ol;)l/2]312 . (2)

In the above expressions, €, is a constant of the order of 10® s”!, k 1s Boltzman's
constant, T is the temperature and F  1s the Helmholz free energy. The mechanical
threshold t in Eq. 2 ig written here as a normal (rather than shear) etress; it 1is
called T 1instead of o to emphasize tha:r it is a material property. In addition to
the explicit temperature dependance described in Eao. I, it 1is important to also
include the temperature dependence of the activation free e~thalpy (which is assumed
to be that of the shear modulus u /15/) by rewriting Eq. 2 as

O/M(T))l/2]3’2 . (3)
1/u(T)

vheie g is the normalized activation free enthalpy. Combining Eq. 3 with Eq. 1 and
rasrranging givenx

85 = w(t)b? g(Z) « u(mIb? g1 - (

(3
{9 Y172 o T Y172 ° _ o kT 273
Gery)? = Gy 2 < - (v ) ] )
If the normalization with raspect to temperature 1is correct, then s plic of
(6/u(T)])?“? versus (KT/u(T)b3}2/" for the reload experiments at constant struin rate
but varying temperature should yield a straight 1line. The inrercapt at z2ro
tempersture in this plot gives the mechanical threshold normalized by the shear
modulus while the slope 1is 1inversely related to the normaiized activation free
enthalpy.

Values for the shear msodulus are given in Table 1. For copper these values
reprasent the single crystal shear modulur /16/. The elastic ~onstants required to
calculate the eingle crystal shear modulus are wunavailsable for the particular
stainless oteel used in this investigation. 1In addition, we could find no reported
data for the polycrystal shear modulus at low temperature. Thus, the data in Table
1 for Nitronic 40 represent an extrspolation to low temperstures of data mensured or
a similar material st ambient and elovated temperature /17/. The alope du/dT



reported in /17/ (Jdu/dT = ~.(32 GPa/K) 1is 1identical to that measured at low
temperature on a variety of austenitic stainless steels (Armstrong, to be
published). In making this extrapolation we are assuming that the 1lnow temperature
elastic wodulus ancaaly, which 1is often found in austeunitic stoinless steels
(Armstrong, to be published), occurs in Nitronic 40 at a temperature below 76 K.

TABLE 1 Temperature Dependence of the Shear Mcdulus

T (K) u (GPa)
Copper Nitronic 40
76 45.45 84.3
180 «%.07 81.0
295 42.17 77.3

3. RESULTS

3.1 MECHANICAL THRESHOLD IN COPPER. An example of the variation of the normslized
reload stress versus normalized test temperature for copper is shown in Fig. 2.
Results in this figure are for a prestraia path at s strain rate of 0.00014 s~ ¢to
the strain indicated. For each prestrain at least two specimens were tested at 4ach
reload temperature. (Only one data point is shown when two tests gave the same
result.) A straight 1line 1s seen to fit each set of data as shown; this tends to
support the chermal activation lav given by Eqs. ] and 2 and the normalization
procedure described by Eq. 3. As expected the mechanical threshold increases with
strain, and the rate of this increase decreases with strain. An unexpected result
is that the slope of the line increases slightly with strein which indicates that
the normalized sctivation free enthalpy decreases as the wuechanical threshold
(strain) is increased. This, however, is only a small effect.
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Figure 3 shows ‘he result« at uniform strain but varying strain rate. Here, the
important observation {s that at unZform etrain .ha mechanical thrashold 1is an
increasing function of strain rate. Once again, the slope of the fit i1in Fig. 3
increases slightly with increasing mechanical threshold (etrain rate).

All of the results for copper, including the mechanical threshold and flow stress
values, arc tabulated in Tables 2 ard 3. The values for the mechanical threshold
livted 171 these tables are referenced to 295 K since this is the temperature at
vhich the prestrains wvere introduced. The mechanical threshold at 295 K represents
the srreng'h of the average barrier encountered by mobile or potentially mobile
dislocations 4quring tne prestrain. A comparison of the threshold etress with the
flovw stress listed in the last column of Tablees 2 and 3 indicetes thar in each -~ase
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the former stress exceeds the latter.

error for the estimate of 1.

Also included in these tables is the standard

In a few cases, this error was quite large; this was
particularly true at low strains where the slope of the fit approached zero.

TABLE 2 Mechaniceal Threshold Values for Copper at € < 100 3!

B LS
0.00014 0.05
0.10

.15

0.20

0.25

0.015 0.05
0.10
0.15
0.20
0.25

0.82 0.05
0.10
0.15
0.20

«25

81 0.05
0.10
0.15
0.20
0.25

Q, MPa

120
179
223
257
279

125
187
235
269
294

134
191
284
284
309

134
207
251
299
329

I-e..L¥HPI g, MPa

18
17
10
4
3

28

* Standard error on estimate of 7

The dynamic test results fot copper are listed in
values listed £n the third column correspond
indicated. The valuer listed in the sixth column
valieas which enable a constant ctcain comparison
Altrough the standard error for the sstima.e of 1

114
168
206
234

252

1138
175
218
267
269

127
180
224
268
295

130
194
241
281
7

Table 3. The mechanical threshold
to the actual valu:s at the strain
are interpulated (or extrapolated)
with the values listed in Table 2.
is uniforamly low for the results

listed in Table 3, the error in the edtimate of the correspcading stiain, due to the
nonunifora deformation described earlier, is likely much larger.



TABLE 3 Mechenical Threshold Values for Dynamically Deformed Copper

e, o1 € 1, MPa s.e., MPa € 1, MPa o, MPa
1800 0.064 172 25 0.05 141 121
0.107 218 2 0.10 217 195
0.152 280 3 0.15 273 250
0.209 309 k) 0.20 313 297
0.253 347 2 0.25 342 318
5000 0.065 178 6 0.05 145 132
0.10 228 7 0.10 224 206
0.168 285 2 0.15 28! 260
0.211 325 1 0.20 321 305
0.257 359 2 0.25 351 329
9500 0.08?7 212 5 0.05 152 146
0.134 272 2 0.10 234 220
0.156 300 4 0.15 291 274
0.189 329 2 0.20 331 317
0.226 343 1 0.25 359 363

The flow stress and mechanical threshold results at strains of 0.10 and 0.20 are
plotted together in Figs. 4 and 5. Figure 4 is a semi-logarithmic representation
which includes data at all strain rates. As 1indicated in che Introduction, the
strain rate dependence of the flow stress begins to increase fairly dramatically
when the strain race is raised above ~103 s8~1, The interesting observation in
Fig. & 18 cthat the mechanical threshold increases along with the flow ztress. The
dynamic tegt results ave plotted on linear axes in Fig. 5. Here it is evident that
the increagse 1in the mechanical threshold with increasing strain rate is
approrimately paraliel to the increase in flow stress.
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3.2 MECHANICAL THRESHOLD IN NITRONIC 40. A plot of the normalized stress versus
normalized temperature for the two strain rates investigated is shown in Fig. 6.
The most prominent difference between the data for copper shown in Fig. 3 and that
. for Nitronic 40 shown in Fig. 6 is in the slope of the line, which is much higher in
the latter case. This indicates that the deminant obstacle to dislocation motion in
Nitronic 40 has a lower free eunthalpy and thus is much more strain rate (and
temperature; sensitive. The wmechanical threshold and flow stress values for
Nitronic 40 are tabulated in Table 4. Note thaot for this material the ratio of the
flow stress to the mechanicel threshold is mich smaller than it was for ropper.
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TABLE &4 Mechanical Threshold Values for Nitronic 40

€, s”! € 1, MPa s.e., MPa ¢, MPa
0.0016 0.10 1696 42 689
6000 0.10 1874 31 1125

The flow stress and mechanical threshold values are plotted together on
semi-logarithmic axes in Fig. 7. Once again the increased rate sensitivity of the
flow stress 1s found at high strain rates [2). For Nitronic 40, however, this
increase in flow s8tress 1s not ac:ompanied by as significant an increase in the
mechanical threshold as was found in copper.
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&. DISCUSSION

Two significaut findings have evolved fron these mechanical threshold wmeasurements.
The first 1s that for copper the increased rate sensitivity found on a constant
strain comparison of flow stregs data is accompanied by an identical increase in the
mechanical threshold. Although not illustiated here, it is evident from inepection
of he data in Tables 2 and 3 that a comparison at constant structure woild show no
dramatic 1incresse 1in rate sensitivity. For examples, the flow stress at a strain
rate of 0.015 s™! to a strain of 0.15 (1 = 235 MPa) is only slightly less than the
flow stress at a strain rate of 9500 s~! to a strain of 0.10 (1 = 234 MPa). Thus
the "increased rate sensitivity” in copper is simply (or not so simply) due to
structure evolvtion. The details of the evolutionary process are not the subject of
this paper. However, the mechanical threshold measuremenis do lead us to conclude

[Z] In fact, for this material, the increase appears to begin at strain rates as low
as 102 s~l. Since the experimental techniques and data interpretation are without
queation at such low strain rates, this is strong evidence that the increased rite
sensitivity found with the SHIB is a real effect.



that efforts to understand the increased rate seneitivity should concentrate on the
rate sensitivity of structure evolution rather than on the contribution of another
deformation mechanism such g8 viscous drag.

The data for Nitronic 40 provide the second significant result. In this material,
an incresased rata eensitivity at high strain rates is noted, yet the ratio of the
flow wstress to the mechanical threshold 1is only ~0.6. Since the mechanical
threshold is changing less rapidly in comparison to the flow stress than was found
in copper, the Nitronic 40 resulis more closely approximate the constant structure
conditions modelled in /13/. One conclusion from that model was that for
dislocation drag to be important, the flow stress must be approximately equal to or
greater than the mechanical threshold. This is not the case for Nitronic 40; thus,
we con-lude that in this material as well as in copper, the observed increased rate
sengitivity is not due to a transiiion in rate controlling defcrmation mechanism.

We do not imply by these conclusions that viscous drag 1ie not an important
deformation mechanism; under the right structure and applied stress conditions,
deformation will become limited by visous forces on dislocations. However, thesge
procegses do nct appear to be important for deformation in copper and Nitronic 40 at
strain rates up to 10% g~!
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